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TIIK I’SK OK SNOVVCf)VKUKI) AUKA IN lU’NOFF FOHKCASTS 

Hy Albert Kjhiko, .Jack F. Ilannaford, M. ASCK, Roderick L. Kail, M. ASCK, 
Michael |{oHet’/.welu, and A. .Jean Brown, M. ASCK 

ABS'IilACT 

liODK-term Kiiowcovere<l area data I'roin aircraft and satellite ul}servations 
have Ijeen investiKHted for apjilication to water supply forecaslinK in California's 
southern Sierra Nevada Mountains. These oijservations have proven useful in 
reducinn seasonal runoff forecast error on tiie Kern River watershetl when in- 
corporated into procedures to update water supply forecasts as the melt season 
progresses. Similar use of snowcovered area on the KinKs Itiver watershed 
produced results that were ;iJ)out equivalent to methods based solely on conven- 
tional data. Snowcovered .area will l)e most effective in reducing forecast pro- 
cedural error on watersheds with: (1) a substantial amount of area witidn a 
limited elevation ran({e; (2) an erratic precipitation and/or snowpack accumula- 
tion pattern not stroiiKly related to elevation; and (.'Jj poor coverage by precipita- 
tion stations or snow cfiurses resIrictInK adequate indexing; of water supply 
conditions. When satellite data acquisition and delivery problems arc resolved, 
the derived snowcover Information should provide a means for enhancing opera- 
tional streamflow forecasts for areas that depend primarily on snowmelt for 
their water supply. 

(KEY V\ORI)S: aircraft; forecasting; remote sensing ; runoff ; satellites; snow; 


water resources . ) 
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THE USE OF SNOWCOVERED /\HEA IN RUNOFF FORECASTS 
By Albert R:ingo,^ Jack F. Haimaforil,^ M. ASCE, 

Ruilurlck L. Hall,“ M. ASCE, Miciviul Rosenzwelg,^ 
and A. Joan Brown,'* M. ASCE 
INTRODUCTION 

Since li*72 Hovural earth rcHourccH and f?nvtronniental satellltuB, such as 
Landsal and NOA/\, have been launched which have direct application to snow- 
cover mapping. The characteristics of these satellites and their jxjtentials for 
snowcover monitoring and subsequent runoff prediction have been discussed by 
R:mgo and Itten (li)7G). Although the utilization of snowcovered area (SCA) as 
;in additiomil parameter in seasonal runoff predictions seems logical and has 
been shown to be useful (Ixjaf, 1G71), the duration of satellite data is too short 
for conclusive testing of SCA in conventional approaches. In order to expedl- 
tiou.sly estimate the potential value of satellite SCA data in runoff predictions, 
simplifieii linear multiple regression analyses of longer term aircraft visual 
observations of SCA for two watersheds In the southern Sierra Nevada in 
California were conducted. 


'Research I lydriilugist, Goddard Space I light Center, (ireenbelt, Ml). 

■Principal, Sierra liydrutech. Placer ville. CA. 

• 1 iirnierly Operations Kesi'aich Analyst, Goddard .Space Might Center; presently Acting Cliict, l lectric 
Power Analysis Division, Cnergy Information Adiiiinistration, Departnient of Pnergy, Washington, D C. 
‘’Chief, Snow Surveys Bianch, California Department of Water Resources, Sacramento, CA. 
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Study Aroa n c Hcrtption 

Thu Klngtt and Kurn Kivurs uru udjuuunt water tthuds (Figure 1) that dlHchargu 
intu the Central Valley near FruHno and Bakersfield, California, reH|H.>etively. 
Fach basin ranges in elevation from IxjIow lOOU feet (30Um) in the foothill areas 
to over M,()00 feel (KiOUin) along the Sierra Nevada crest which is the eastern 
Ixmndary for both uatersheds. The Kings Biver has an east -west orientation 
with high sub-basin divides ;uid sub-basin drainage in deep canyons. The Kern 
Uiver, on the other hiuid, has a north-south orientation with tl %. Sierra crest 
along the eastern drainage >x)undary and the siinilarily high Great Western Divide 
along the western t)oundary of the iiasin. The Kern Hlver is characterized by 
plateau areas with broad meadows and timliered s1o|H!S, :Uthuugh the North Fork 
heads in steep rocky areas near the Kings-Kern divide and flows in a ileep can- 
yon through most of its length to Lake Isabella. Area-elevation graphs in Figure 
2 illustrate the relatively uniform distribution of area with elevation on the Kings 
Iliver as contrasted with the concentration of area between 0000 (1830 m) and 
9000 feet (2750 m) on the Kern Biver. The average elevation of the April 1 snow- 
line as taken from California Department of Water Besources (CDWB) records 
l.s also shown In Figure 2 for both watersheds. 

The 1,5-15 ml’ (1002 km^) Kings Biver has an average annual runoff of 
1,507,000 af (1,9.34.0 million m®) which represents 19 inches (4S cmi of runoff, 

74 percent of which occurs during the April-.July snowmelt period. Snowpack 
accumulation increases with elevation to about 9500 feet (2900 m) and is fairly 
consistent nt about 30 Inches (75 cm) of water above that elevation, although local 
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topogi'uphy may affect accumulation to Home extent. Averane annual precipita- 
tion at the JiOOO foot (2750m) elevation is alxiut 35 inches (00cm). PrecipiUition 
measurements made along the frontal slope at the western side of the basin 
pear to be representative of or at least pro|x)rtional to precipitation at the higher 
elevations, although some minor variations may occur. 

T!»e 2,074 mi^ (5372 km^) Kern Hiver w.-itershed (above Lake Isalwlla) has 
an average annual runoff of r»2n,G()0af (773.2 million m’) which represents 
5.7 inches (14.5cm) of ranoff, about 07 percent of which occurs during the 
April-.July snowmelt. Precipiution varies both with elevation and location in the 
Ijasin. .\t OOOO feet (2750 m) average annual precipitation along the Great West- 
ern Divide exceeds 35 inches (00 cm), while at the same elevation along the 
Sierra crest precipitation may be as low as 10 inches (40cm). Precipitation, 
snowpack accumulation, and snowcover appear much more variable over the 
Kern liasin than over the Kings l)asln. 

Precipitation and resulting runoff arj extremely variable from season to 
season in the southern Sierra, emphasizing the importance and need for an ade- 
quate water supply forecasting program. Table 1 illustrates the wide range of 
runoff experienced within the recent ixist. 

Historical Water Supp ly Forecast 

The CDWH makes water supply forecasts of April-.July (snowmelt period) 
runoff for all major snowmelt streams in California, including the Kings and 
Kern Rivers. The California Cooperative Snow Survey Program was inltiateil 
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in 1929 and the first forecasts uslttK snow suncy data were issued in I9M0. 
Forecasts are issued l)y CDUH as liulletin i20, "Water Conditions in California," 
in four ro|x>rts stating conditions as of February 1, March i, April I, and May 
1. The KitiKS and Kern lllvers, as well us other selected Sierra streams, hove 
weekly updates of water supply forecasts from February 1 throuich July 1. Pre- 
sent methods for updating as the snowmelt season pi'f>KreHses are limited by the 
quality and type of real-time data available durlnn the melt period. Forecast 
error tends to be concent ratetl in the remaining runoff volunic. Current fore- 
cast proce<luros are l)Osecl upon about 45 years of data to reflect the extreme 
variability which has been noted from season to seasun in these basins. 

Data Sources 

One of the primary reasons that the Kings and Kern lUvcrs in the southern 
Sierra were selected us watersheds for investigation of SCA as a w'uter supply 
forecast parameter was availability of historic data on snowcovered area, iiiince 
1952, the U.S. Army Coi”i)S of Engineers (I'SACE) has collected and assembled 
information on SCA from the Kings, Kern anfl several other watersheds. SCA 
has been mapped from a low flying light aircraft by an observer using topo- 
graphic maps with suitable landmark identification. Aircraft observations 
generally started before May i and continued periodically until the SCA of the 
Kings River was «lcpleted to less than lOti ml’ (250 km^). Most years had only 
three or four observations, but heavy snow years sometimes had as many as 


eight observations. 
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Data on SCA from aircraft obHorvatic;; > am! antcllilo Imagery were plotted 
against time to provide eatimates of SCA on apecific datea for uae In analyaia. 
Only during I97.T were there ude<|uate data from lioth aireraft and aatellite for 
compariaon. During 1974 only one aircraft obaervatlon waa made and the I'SACK 
program waa auhaequently diacontinued. Figure ;i la a plot of anowcovered area 
for the Klnga Hlver for 1979 ahowing both aircraft and Uindaat data. L'nfortu- 
nately, aircraft obaervallona for I97.’l were not made by the aame peraonnel who 
ha<l compiled the earlier data. After dlacuaalona with past anil present I SACK 
peraonnel, mlnoi adjustments (using highway and weather station snow depth In- 
formation plus snow survey water equivalent data) were made In the hlat«>ric air- 
craft snowcover observations to make them more comparable to the aatellite 
obaervallona. There is still a consistently greater snowcovered area observed 
by I-mdsat than observed by the aerial surveys. This difference was first noted 
by names and Howley (1974) and attributed to the fact that aerial surveys exclud- 
ed lower elevation transient snowcover from their measurements. 

'I'he conventional water equivalent (also referred to as water content) data ap- 
plicable to the Kings and Kern lUvera were obtained by cooperators in the Cali- 
fornia Snow Survey Program and sent to CDV\K. Other pertinent hyilrometeoro- 
logieal information such as precipitation and runoff records were olgalnod by 
CDWU on an operationai basis for water supply forecasting and other purposes. 
The data are developed l)y CDWll into basin indices for application to regression 
equations or multiple-graphical solutions for predicting April-July runoff. Fore- 
cast procedures after April 1 are currently based on the April I forecast updated 
using observed precipitation and limited telemetered automatic snow sensor data. 
Ihc indices used for development of the April 1 forecast procedures are as follows: 
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1. Snowijaok In<l<»x - Thin Indox 1 h hnxo«l U|K>n tho ohxiM'Vtxl wator ixjulva- 
lent at approximaiuly 20 snow couthun In oach basin ns of April 1. C)n 
some basms, InciudlnK iho Kin|;H ami Kern, two Hepnrnte mdices arc 
developed for tlie liiKb and low elevation snow xonea, respeetively. Thia 
index is expressed in terms of peivent of averaKe, ns are most indices 
in the forecast proctslures, and represents tho relative quaid tty of water 
stortnl as snowjjaek on th" .'at*} of iorwast. Adjustment may i)o made 
for pn*cipttntlon oceurriiiK between the actual date of measurement ami 
\pril 1. 

2. Octol)er- March Precipitation Index - This index, developed from ap- 
proximately six lower elevation mounUiin stations, provides :m indica- 
tion of basinwide seasonal wetness. 

3. Aprll-.Iune Precipitation Index - This index is a measure of precipita- 
tion oeeurrini' during the snowmelt season at about six stations and 
permits a level of U)xlnting as the season pixigresses after April 1. 
OliseivtHl precipitation data arc used to replace average precipitation 
figures as the .snowmelt .season progresses. 

4. Oetober-March Runoff Index - 'ITiis index relates lioth to basin wetness 
and volume of water not stored in the liasin as a result of early season 
runoff. 

j. Previous Year Runoff Index - 'I”his index is expressed as a volume for 
the previous Aprll-July and may be related to the carryover from the 


previous runoff season. 


For U(ic in thin Htudy, thuHO indlovR wurv duvuloficd according to the CDWK 
procedurcM with ilata Huppli'xl by CDWU. AnulyHta wur purfurmed for the peritMi 
of record repreHcntud by the combine*! aircraft luid Hutellitc obHcrvationii of 
Hnowcover daUi, which w:in 25 yonrn on the Ktngii Itlver and 25 yearn on the 
Kern. 

ANAI.YSKS 

Independent anulyHCR were umlertuken almoHt Rimultane*>UHly by NA.SA and 
Sierra liydrutech > CUWIt tcaniH utilizing nimllar basic data to demonstrate the 
|x)tenttal effect of S('A in water nupply forecasting on the Kings and Kern Itivers. 
Although the ubjectiveii ul the iv^o investigations were H*jmewhat different, sim- 
ilar results were obtained in both investigations. The NASA study (Investigutitm 
1) was intended to demonstrate that SCA on a given date is applicable to fore- 
casting seasonal runoff. The Sierra Mydrotech-cnWH study (Investigation 2) 
was intended to go one slop further an*l to fievelop ami demonstraie a procedure 
for updating water »u,)ply forecasts during the |)criofl of snowmelt utilizing SCA 
as a imrameter. IhUti investigations were exploratory In nature nr.d not intended 
to represent the inosl advanced technhgies In statistical methods or water supply 
forecasting. 

Investigation 1 

Approach. An evaluation of conventional - and t>CA-l)ased seasonal runoff 
predictions on May 1 was made. In this approach only the low altitude estimate 
of SCA wa.s use*l In analysis. .Although aircraft oliservatlons l>cgan In 1952 and 
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cntSud In 1973, obMorvatlona wetu no! rvndlly nvntlablc for ouch wntcrnhetl 
In every intervonlnK your. Ab u result, ul Ihu time Invest iKut Ion I wub con- 
ducted, only 20 and IN years of aircraft hCA data were Initially available for 
the KInKB and Kern River watershedg, respectively. Conventional data were 
developed Into forecast Indices only for the years with oxistlnK MCA data. The 
exIstiiiK forecast procedure used by ClAMl was employed as the model for 
(levelopinK the "mmlified" (reduced data l)ase) conventional regression equation. 

In dcrlvint; n reKresslon model usIok MCA for prodictiiiK seasonal flow, 
Htandar* :«v-wlse techniques were first utill/.cd to determine the order of 
entry of the pre<llctors. Several alternative onlers and coml)lnations were 
then considered to Investigate [Kdentlal reductions In the number of variables 
required while achievinK an acceptable significance level ( <0. 05). The 
"miMlified" conventional mo<lol was run aKulnst nil (he statistically acceptable 
SCA modols in a prodiction mode, .and the various runoff forecast values wore 
compnrofl to the actual runoff figures. 

On the May I forecast date all data were available except the Aprll-June 
precipitation Imlcx. To simulate a real forecasting situation on May 1, the 
actual April precipitation was comblnc<l with the expected (average) May and 
June precipitation to obtain the best estimate of the Aprll-June precipitation 
index. 

Both the "modlfietl" conventional and the set of "snowcover” models were 
exercised to determine which would provide the better forecast for each 
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wiitL'i'Hlied. SiiK't.' till’ luimlxT of uvailahle cintn ixiintfl wtiH limited and several 
varlal)les were l»elnK eonsi(iered, a series of reKi’esslons was use«l to make the 
fori*easlH . This tucluiti{ue eonsistui of deletiiiK .‘he fortx'ast year from the data 
l>as»>, (lerlvInK the reuression equation eoefficients from the rernainini; data, and 
then makint; a iorwast for that deleteil year. The al)solute value of the diffor- 
ence between the foreeasl and the aetiial ninoff represented the error «>f the 
forecast. The forecast and forecast error were compuleel for each year. 'I'he 
averam* and th<* slamhird deviallon of the errors were calcidated and tahulated 
f«>r each watershed and tlie best "snowc(*ver" mcKlel .lelected t)ased on the 
minimi/.iiiK of these values. 

It ‘s uits. The renression model used i)y the t’DWIt on the Kin^s Itlver is 
of the form: 

Y - A,X, . H,X, *C’, X 3 . i),X, +K, 

where 

Y = April-July runoff 

X| =* April 1 snowpack index 
X, * Ocloixr-Miirch precipitation index 
X j “ previous year April-.July runoff 
X^ = April-June precipiUUion index 

In this "mod|fie<l" conventional equation tlu> re>;rcs 8 lon cocffielents, A,, H,, 

C(, and n,, and the regression constant, K,, are slightly different than their 
counterparts in the Cl)\\ It model ijccause of the reduced data l)ase resulting 


from the testing of SCA. 
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The* regrosslon mcKlul usod by the CDWU on thu Keni River is of the form: 

Y » A,X,X, + BjX, +CJX^ +DjX, + E,X^ + Fj 

whore 

X, “ April 1 high elevation unowpack index 
Xj ■ April 1 low elevation Hnowpack index 
X^ a May I Hinwpack index 

The regresaion coeffieientH :ind eonubint in the ''modified” conventional equation 
arc ;igain slightly different than those in the current CDWR equation. 

On the Kings River the resulting ''snowcover” model for all years of record 
had the following form; 

Y =» AjX^ + R3X,X, +C, 

where 

X 7 = May 1 SCA in percent of basin 
A3 =» l.lHStJf) 

U3 = o.nrjT.'i 
Cj = trj.5H‘>r)i 

On the Kern River the best alternative model iuul the following form: 

Y - A,X,X, -.IVX, HD, 

where 

A, = 0.0i:i32 

B, = 


2.51 
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C^ - 2.02 

» -105.022 

Until fintil Kln^H niul Kern "snoweover" mtxlelH ri>Rulte«l from the step-wine 
regression iinalysis. 

'I'he statistics for the models on the Kinns and Kern Hlvers are shown in 
1 able 2. These models were then eompareil on eaeli watershed hy evaluatliiK 
the difference between actual ami forecast runoff (which was assumed to lie 
the forecast error) for each year in the data base. The average yearly fore- 
cast errors and the standard deviations of tlur errors are tabulated in Tallies 
.'J and i alonn with the chantje in forecast parameter resulting from the incor- 
poration ol MCA. Although slinlit increases in forecast error occur when SCA 
is Inrluderl in the prediction procedures on the Klnus Kiver, major reductions 
in forecast error usin>* SCA are realized on the Kern Hiver. 

Investigation 2 

Approach . lnvestij{ation of the application ol SCA as a |»arameler in CIAVK 
water supply forecasting has been limited to the April -July snowmelt periotl 
bt*cause most watersheds lire 100 percent snowcovertsi before April 1. On 
the average, only al»ut 10 to 15 peivent of the annual precipitation falls after 
April 1. I’rior to April 1, most of the total error in water supply forecasts 
is attrlbute<l to the uncertainty of the amount of precipitation occurring after 
the date of forecast. As the snowanelt season progresses, however, pi-oce- 
dural eri*or contributes an increasing ixjrtion of total forecast error, justifying 


additional nnalylicul work to improve techniques for corroctinn or up<lutitiK the 
forecast durinK the snowmelt periort. 

This approach was predicated on the o|x.‘rational requirement for accurate 
updating of water supi)ly forecasts throughout the period of snowmelt runoff. 
Forecasts prepared by CD\N K luve historically Ijeen for the Aprii-July snow- 
melt period. Updating has been primarily on the basis of precipitation observed 
subsequent to the April 1 forecast. Any procedural error in the April 1 forecast 
would be forced Into the forecast of remaining runoff during the melt season. A 
forecast made on June 1 might contam the same procedural error as the fore- 
cast made on April 1, even though half of the snowmelt runoff for the season 
may have already occurred. The desirability of providing a forecast technique 
which would rotluce the nuignitude of procedural error as the season progresses 
is obvious. 

Only a limited amount of data is available from these high mountain water- 
sheds during the perio<l of snowmelt. Precipitation from manned stations and 
some telemetered stations is availaljle on a daily basis. Snowpack water equiva- 
lent measurements on a few snow courses are made al)out Ma/ 1, and some con- 
tinuous snow sensor records are available, but data are limited. Additionally, 
the melt process during April introduces uncertainty into the meaning of observed 
water etjuivalcnt at specific locations. May 1 measurements have b'len used with 
some success in the Kern basin to reflect precipitation and melt occurring during 
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OljHt‘rvud runoff ;ind depletion of SC A an the melt neanon progrefiHUB provide 
additional parametern on a near real-time baalH to relleet the progrunH of melt 
In the waterahed. I hlH inveatittation developed luid demonat rated teehniquea for 
U|xlatiiiK eonventional CONMl foreeaat proeedurea during tlte progreaa of melt. 
Foreeaat proeedurea were developed for April 1, May I, May 15, June 1 and 
June 15 for the Kings ;md Kern Uiver baains. The use of Uindaat SC’ A data for 
l‘J7y-7ti ;uid previous aircraft obaervationa availal>le for Inveatigation 2 provided 
25 years of record on the Kings and 2.3 years of record on the Kern for analysis. 
Procedure stability was ;ui iir.portant factor to assure a logical at>quenee of op- 
erational forecasts during the progress of die season. 

Basie data utilized in the eonventional CDWIl procedure were used to pre- 
pare the April 1 procedure. Two procedures were Uien developed for May 1 and 
each subsequeiU date, one with and one without .SCA to oliserve tlie effect of SC.\ 
in improving forecast reliability. In lioth procedures, runoff between April 1 
and date of forecast was used as an atlditional parameter. Since existing CDWH 
procedures have teehnhjues for handling precipitation during the snowmelt sea- 
son, precipitation subsequent to date of forecast was assumed known and does 
not contribute to "procedural error" described in the analysis. 

The general form of the forecast procedure equation is 

Y » aX| + bx, + eXj +dx_, + ex, t fx^ + + hXj x^, +k 
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where 

Y ■ runoff In acre-feet from date of forecast through July 31 
X| ■ high snow index 
Xj ■■ low snow Index 
Xj ■ October-March precipitation index 
X4 » April-June precipitation index 
Xj « October- March njnoff 
Xj » previous year April-July runoff 
x^ « runoff April 1 through date of forecast 
x^ « snow covered area in square miles 
Regression coefficients are represented by a-h and k represents the regression 
constant. The conventional April 1 procedures use x, through x^^. Procedures 
for other times use x^ or x^ and x^ , depending upon whether SCA is to be in- 
cluded or not. SCA times .‘\prll 1 snowpack index (aiijusted for precipitation 
between April 1 and date of forecast) was used as an index of the volume of 
water available for snowmelt runoff during the melt period. Constraints on 
time and period of record did not permit investigation of more complex, non- 
linear analysis techniques, ami exploration of hydrologic models used in water 
supply forecasting was not justified at this time. 

Emploving techniques presently utilized by ClJU'R, "forecasts" were made 
for each year of record and compared to observed runoff. Hecause of the 


limited data set. Independent test data were not available and forecasts were 
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imule <lala tMiiployed In deiivatlon of the reKreNalonH. Although not 

MtatiHlically aeceptal)le, the intention here was only to see if the S(’A was a 
predictor worth pursuinK for runoff prediction t(>chnl(juo8. If the answer to 
(his question is positive, more riKorous techniques would i)c used to Incorporate 
SCA into operational procedures. Standard errors ami other pertinent statisti- 
cal measures were calculated for each date of forecast and results with an<i 
without SCA as a parameter wore then compared, recogni/.inK the limitations 
of these simple rej^ression techniques. 

Il esults . Figure I Illustrates the variation in standard error, expressed 
as a percentage of AprII-.July runoff, for forecast updates, depicting the effec- 
tive reduction in forecast error as snowpack Is depleted. Updating procedures 
without SCA are shown as a dashed line while u|)datlng procedures utilizing SCA 
are shown as a solid line. Figure 5 illustrates the same variation in standard 
error, expressed as a percentage of remaining snowmelt runoff for forecast 
updates. 'I'he dashed and solid lines represent standard error of procedures 
without SCA and with SCA respectively. The dotted lines rei)resent error re- 
maining if the procedure were used according to standard CDWH practice at the 
current time. In interpretation of Figures 4 and 5, it should he notetl that altliough 
procetlural error (in aero-feet) remains constant throughout the period, it will in- 
crease in terms of percent of remaining runoff .a.s the melt se.ason progresses. 

On the Kings River (Figure 4), standard error increases slightly between 


April 1 and May 1, prot)ably as a result of additional forecast parameters used 
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on May 1 which Increase dcKrees of freedom lost. After May 1, standard error 
declines appreclahly until on June 15 it is approximately 70 percent of the error 
on April 1. This reduction in error is expressed in terms of percent of remaln- 
ing runoff In Figure 5. The Improvement over the existing procedure is appar- 
ent. The addition of SCA as a parameter, however, seems to offer little or no 
significant Improvement in piv)C(*dural error durinK the melt season. 

On the Kern Klver (Fimirc 4), standard error for the procedure without SCA 
follows approximately the same pattern as on the Kinp;s. If SCA Is Included, 
however, substantial reduction in standard error Is apparent as the season pro- 
gresses. By including .SCA as a iiarameter. May I error is reduced approxi- 
mately 45 percent and May 15 terror alioiit 40 percent, representing a corre- 
sponding decrease in the volumetric error of remainiii}; runoff. The late 
season values of standanl error on the Kern and the KlnKS are now relatively 
close. It is sunfiosted that the use of SCA as a forecast parameter during the 
snowpnek depletion perloti has allowed forecast accuracy on the two watersheds 
to be brought more into lino with each other than possible with conventional 
parameters alone. The reduction in terms of percent of remaining runoff is 
depicted in Finm'o 5. Further inspection of changes of regression coefficients 
from flate to date suggests that the Kern Hlver equations are relatively stable 
— more so than those on tiie Kings River. Even though the precise numerical 
value of decrease in procedural error to i)c obtained l>y using these methods 
can not be generalized for all watersheds, it is apparent that SCA provides 
Information pertinent to updating forecasts which is not readily available from 


other sources investigato<l here. 
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DlSt'USSlON 

Uhu uf SCA as a parameter in furecattlng snowmelt runoff may result in sig- 
nificant improvement of forecasting procedures un(ier certain circiimsiances. SCA 
in Invesligulinn 1 reducetl the average May I forecast error iiy 29 percent an<i the 
standard deviation of forecast error by S percent on the Kern Iliver, inil appeareti 
to have no substantial or significant effect on the Kings Hiver. Kimilurily, under 
Investigation 2, there appeared to be considerable iinprovement for each u|xiute 
on the Kern Hiver using SCA, Isit no significant changes on the adjacent Kings 
Itiver. It may Ixj hyiiothesi^cd that watershed characteristics, as well as avail- 
ability of data representative of the watershed, may be related to the resi>onse 
of forecast procedures to SC' A. Follow mg is a discussion of factors which may 
influence the effectiveness of SCA as a parameter in water supply forecasting. 

The conventional April 1 forecast procedure fur the Kings iliver is relatively 
mure accurate (when expressed in terms ol percent uf Apnl-July runuff) titan is 
that fur tlie Kern Hiver. April 1 procedural standard error represents al>out 
7.5 percent of average April-.Iuly runoff on the Kings Hiver and altout 11.5 per- 
cent on the Kern, assuming that preclpilalion after April I is known. The higher 
•legree of accuracy for the Kings Hiver pr«)cedure may result partially from 
greater unit runoff and data which are more representative of conditions within 
the watershed. In any event, the higher initial degree of accuracy on the Kings 
Hiver may make It considerably more difficult to obtain a marked improvement 
as a result of SCA or other u|)date parameters ns the season progresses. 
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Thu rulatlvuly IncunHiHtuiit rulutionKhlp between precipitation, »«nuw'puck ac- 
cumulation, elevation, and location within the Kern Itiver waterahc*d deacribed 
previously '.nay be one of the more Important reanonH why SC A repreaentH :ui 
effective parameter in updating Kern forecaata. The Kings Kiver haa a much 
more uniform area-elevation distribution tlutn the Kern Hlver (Figure 2). The 
relatively large area l>etween 0000 luid 9UU0 le(d (lH3U-275Um) on the Kern Hiver 
la subject to extreme variability in snowpack accumulation and depletion, per- 
ha|)8 enhancing the value of SCA as a prediction |xirameter. It might >>e viaual- 
i/.ed that the Kings Hiver consists of a numlier of smaller basina somewhat sim- 
ilar in character and can be predicted well with a forecast procedure representing 
basins of that character. The Kern Hiver, on the other hand, consists of a num- 
ber of smaller basins of diverse character. It might iw |K>s8lt)le to break the 
Kern urea into a number of sub-basins and forecast each sub-basin indepen- 
dently. SC.\ may provide an attractive intermediate solution to water supply 
forecasts in areas with inhomogeneous char.acteri sties luid limited hydrologic 
data. 

Most watersheds in the central and soutliern Sierra appear to be quite ho- 
mogeneous from a hydrologic standpoint, more so than perhaps most other 
western L'.S. watersheds. Northern Sierra, eastern Sierra, and other water- 
sheds in California, however, appear much more diverse than the Kings Hiver 
and those watersheds immediately to the north of the Kings, suggesting that 
SCA might prove to lie an effective parameter for water supply forecasting in 


Cnlifornin. 
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WaterHhi'dH with (1) a HuliMtiintial dvgreu of urea within a limited elevation nuiKO, 
(2) an erratic precipitation and anoM- accumulation iNittcrn not Mtrongly related to 
elevation, and {'d) |XM>r coverage with precipiUition data or Mtationa which do not 
give u reliable Index to the water producing areuH of the liaain may ahow the 
grcatcHt reHiMitiNe to uhc of SC'A aa a paranu'ter in volumetric forecaatlng. 

Kven though the Kinga Kiver did not ap|K‘ar to rea|>ond Hlgnific:mtly to uae 
of SC A in water aup|>ly forccaating in thia preliminary inveatigation, one ahould 
not diacount |xjaaible applications on atreama typical of the Kings Hiver. SCA 
on the Kings Hiver haa been foiuul useful in hydrologic nualeling of daily snow- 
melt and runoff (llanitaford, lUTTi. Ilyfirologic nuHleling procedures are used 
in some operational forecasting, and it is hoped that near real-time satellite 
Imagery may pr«>ve to be useful for these types of [iredictions. 

I'rocedurcs for u|xlating the remaining volume of snowmelt runoff using SCA 
will be used operationally on the Kings luui Kern Hivera during IU7 h, In order to 
assure wldespreail use of SCA-derlved operational forecasts, however, it will be 
necessary to receive SCA information on a regular, near real-time basis (< 72 
hours). The possibility of cloud cover (hiring a I.andsat overflight may at times 
result in :m IS-day or greater interval lictween observations. Some type of al- 
ternative observaticmal capability, such as NO.\.\ or aircraft SCA estimates, 
during such periods may lie* required. 
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CONCI.rSlUNS 

1. LnnK-torm 8C'A rintn from iiircnift uml Hiiivllltc otiHrmitlnnii hnvt> bci*n 
Rhown tn be URf'ful in ri>«lucinK HviiRonnI runoff furccnMt error on the 
Kern Ulver waternhed when incoi ixjnitefl Into water Hupply forecuRt 
proeedureH. Hoth one-time and rcKular updateH of fnreenHtH were im- 
proved uninK SC'A. Similar annlyaiR on (ho KinKM River indleated that 
SCA pi'miueed forecastR were Koneruily aa kiknI ur conventional foro- 
caata i>ut no HiKnificant improvement waa noted. 

2. CompariHon of the KIokh and Kern River wate>'ftt edH indieatea that 
ceiiain watershed coialitions may enhance the usefulnesR of remotely 
Hensed SCA «lata. SCA will most likely reduce forecast procedural 
error o watersheds with: (a) a substantial decree of area within a 
limited elevation ran^e; (I)) an erratic pree.pitatlon and/or snowpack 
accumulation pattern not stron(>ly related to elevation; and (cl |)oor 
covoruKe by precipitation stations or snow courses restrictinK adequate 
indexing of water supply conditions. 

.3. AssuminK that operational acquisition and delivery problems associated 
with space information will be resolveii, satellite data as it is accumu- 
lated should provide a means for enhaneint; operational seasonal 
streamflow forecasts for areas that depend on snowmelt-derived 
water supplies. In many casos, satelllte-aequired SCA data can 
provide for much more objective, uniform, and cf)ntrolle<i informa- 
tion than that possii>le from aircraft platforms. 
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Table 1 


SeoNoniil StreamHow (or the Klnt(M ami Kern Hlver WateraheflM 



[ 

Aprll-July liunoff 

L ... 

nvanon 

n 

Ktngii j 

Kern 


1000 AF 

r — 

(million m^) 

1 

% Average 

' , 

1000 AF 1 

1 

(million m^) 

% Average 

l'J70 

301.0 

f— 

(372.4) 

20% 

1 

103.9 

(128.2) 

25';t 

IU09 

1 

2,031.8 j 

1 

1 

(3247.0) 

1 227'7 

1,349.5 

(1005.3) 

321% 

Average 

1,157.0 

; 

1 (1428.0) 


420.0 

(518.0) 



Table 2 


Comparieon StatiHticH for lleKrcsHion Kquatlona 


StatiHtICH 1 

■ -1 

Kings KIver 
"Modified" | 
Conventional ' 
Model 

1 

1 

Kings iiiver ' 
SC A Model i 

" ...... 

Kern Kiver 
"Modified" 
Conventional i 
McKiel 

Kern Kiver 
sew Moiiel 

Degrees of 
freedom 

! 

4, l."> 

2, 17 

5. 12 

3. 14 

F-test value ! 

i 101. ;i* 

218.4* 

150. 0* 

1 355. 3* 

I 

H- value 

97. 1 

95. 9 

97. 9 

I 98.4 

Standard error 
of estimate 

Standard devia- 

1 

120.9 

145. 7 

.35. 0 

1 3ti. 5 

tiun of tlie 
seasonal 
yield (y> 

712.5 

712.5 

243. 2 

243. 2 


*SiKnificant at the . (H>5 level 
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T;tble 3 

ComparlMun of "Modlfiotl" ('opventlon.'U :uul Snowcover Model Aver:mf 
ForecuHl Krrors (1000 acre feel) for the Klnn** HIver (n » 20) 



Conveiiltonul 

Model 

1 .Snowcover 

Ml Kiel 

r - 

Average Ftueeast Krr«»r 

111.0 

120.0 

j 1 

SUiniltrcl Deviation ot 

Kin. 1 


1 

Foreeast Krrors 

107.7 

• 1 . 




- -J 



Table 4 


Comparison of "Modlfieil" Convcntlonid and Snowcover Model Averi^je 
Forecast Krrors (li<00 acre feet) for the Kern River (n * 18) 



Conventional 

Model 

. — • * - . . 

Snowcover 

Model 

Chiuige 

.\verage Forecast Krror 

iO. 11 

28.07 

-20% 

Standard Deviation of 

25.28 

23.31 ; 


- S'X 

1 

Forecast Krrors 
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ELEVATION IN THOUSANDS OF FEET 


F'ljjure 2. Area-elevation statistics on the Kind's ami Kern River watersheds 
and location of the aver: 4 {e April 1 snowline elevation. 
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Fiffui'e 4. Siandarfl errox* of foi'ecast proceclui’e (with and without 
snowcovei'ed ai’ea) vs date dui'intj snowmelt. 
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Figure 5. St:mci;mi error of various forecast procedures 
vs date durinn snowmelt. 
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